Six normolipidemic male subjects, after an 8-h overnight fast, were given a bolus injection and then a 15-h constant intravenous infusion of [D3AL-leucine. Subjects were studied in the fasted state and on a second occasion in the fed state (small, physiological meals were given every hour for 15 h). Apolipoproteins were isolated by preparative gradient gel electrophoresis from plasma lipoproteins separated by sequential ultracentrifugation. Incorporation of [D3jL-leucine into apolipoproteins was monitored by negative ionization, gas chromatography-mass spectrometry. Production rates were determined by multiplying plasma apolipoprotein pool sizes by fractional production rates (calculated as the rate of isotopic enrichment IIEI of each protein as a fraction of IE achieved by VLDL (d < 1.006 g/ml) apo B-100 at plateau. VLDL apo B-100 production was greater, and LDL (1.019 < d < 1.063 g/ml) apo B-100 production was less in the fed compared with the fasted state (9.9±1.7 vs. 6.4±1.7 mg/kg per d, P < 0.01, and 8.9±1.2 vs. 13.1±1.2 mg/kg per d, P < 0.05, respectively). No mean change was observed in high density lipoprotein apo A-I production. We conclude that: (a) this stable isotope, endogenous-labeling technique, for the first time allows for the in vivo measurement of apolipoprotein production in the fasted and fed state; and (b) since LDL apo B-100 production was greater than VLDL apo B-100 production in the fasted state, this study provides in vivo evidence that LDL apo B-100 can be produced independently of VLDL apo B-100 in normolipidemic subjects. (J. Clin. Invest. 1990. 85:804-811.) stable isotope * postprandial triglyceridemia * apolipoprotein kinetics
Introduction
Plasma lipoproteins play a central role in the development of atherosclerosis. Elevated levels of LDL and decreased levels of HDL have repeatedly been associated with an increased risk of coronary heart disease (1). Although numerous mechanisms control the circulating levels of these lipoproteins, one important determinant is the rate of production (synthesis and secretion) of their component apolipoproteins.
The measurement of apolipoprotein production in humans has predominantly involved the use of radioactive iodine-labeled lipoproteins (2). Lipoproteins and/or purified apolipoproteins have been isolated, radiolabeled, and reinjected as tracers, and their residence time in plasma has been determined by stochastic or multicompartmental analysis of plasma radioactivity decay curves. This approach, however, is not ideal for several reasons: (a) lipoproteins and apolipoproteins can be modified during isolation and radioiodination, which potentially affects their metabolic behavior in vivo; (b) a steady-state condition must be assumed, where production and clearance rates are taken to be equal, an assumption that may not always be physiologically accurate; and (c) studies cannot be undertaken in young children or pregnant women, nor can multiple studies be undertaken in the same volunteer, due to exposure to potentially hazardous levels of radioactivity.
To circumvent some ofthese problems, Eaton et al. (5) . The rate of incorporation of ['5N]glycine into VLDL apo B was measured relative to the plateau in ['5N]glycine enrichment achieved by urinary hippurate, which was used as a measure of the hepatic glycine precursor pool. We have further developed and simplified the stable isotope measurement of apolipoprotein production by using a constant infusion of [D3]L-leucine (deuterated leucine). By taking the plateau enrichment achieved by VLDL apo B-100 (the high molecular weight form of apo B, which is predominantly synthesized in the liver) as a measure of the hepatic leucine precursor pool, we have avoided the need to analyze urine samples. In this paper we describe our methodology and report the rates of production of VLDL apo B-00, LDL apo B-100, and HDL apo A-I, as measured in six male subjects in the fasted and fed state.
terol, 160±8 mg/dl; triglyceride, 65±7 mg/dl; HDL cholesterol, 46±4 mg/dl). Four subjects had an apo E 3/3 phenotype and two had an apo E 4/3 phenotype (6 (10) . Lipid assays were standardized through the Centers for Disease Control's Lipid Standardization Program.
Quantitation of apolipoproteins. Apo B was assayed with a noncompetitive ELISA (1 1). Apo A-I was assayed with the same system using apo A-I polyclonal antibodies. Plasma samples were diluted 1:3,000 for the apo B assay and 1:60,000 for the apo A-I assay. VLDL samples from fed and fasted individuals were diluted 1:600 and 1:300, respectively, for quantitation of apo B. VLDL samples were not pretreated in order to expose antigenic sites on apo B. Our assay was found to be unaffected by lipid in VLDL, possibly due to the detergent (Tween 20, 0.05%) used in all assay buffers. Furthermore, in our experience, incubation of VLDL samples with commercial lipases (shown in other systems to increase the amount of measurable apo B [12] ) causes a decrease in the amount of apo B measured by ELISA, due to proteolytic degradation of VLDL apo B by contaminating proteases (13) . At least three control plasmas were used on each plate as internal standards. ELISA assays were calibrated with reference material obtained from the Centers for Disease Control, Atlanta, GA.
The concentrations of plasma apo B, VLDL apo B, and IDL apo B were measured directly by adding diluted samples (in duplicate) to the microtiter plates. LDL apo B was calculated by difference: plasma apo B -(VLDL apo B + IDL apo B). VLDL apo B concentration measurements (obtained by polyclonal ELISA assay) were taken to represent the concentration of VLDL apo B-100, since in the fasted or fed state < 3% of total VLDL apo B was apo B-48 (8) . Plasma apo A-I concentrations were taken to represent the concentration of apo A-I in HDL, since > 95% ofplasma apo A-I was HDL apo A-I. (In the fasted and fed state, the plasma concentration of apo A-I in the d < 1.006 g/ml fraction is < 1 mg/100 ml [8] .) 1 . Abbreviations used in this paper: ape, atom percent excess; FPR, fractional production rate; IDL, intermediate density lipoprotein.
Isolation of apolipoproteins. Apo B-l00 was isolated from VLDL and LDL and apo A-I from HDL by preparative SDS polyacrylamide gradient (4-22.5%) gel electrophoresis as described previously (8) . Lipoprotein samples were loaded by volume. Routinely, 200 1d (50-100 ,4g protein) of VLDL or 100 yd (I100-150 ,g protein) of LDL or HDL were loaded onto gels, which were run overnight (16 h) at 50 V. Apolipoproteins were identified by comparing the distance they migrated into the gels with known molecular standards (high molecular weight standard mixture; Sigma Chemical Co., St. Louis, MO).
Measurement of stable isotope enrichment. Apolipoprotein bands were excised from polyacrylamide gels and hydrolyzed (1 10'C, 24 h) in 6 N HCl under nitrogen using a Pico-Tag work station (Waters Associates, Milford, MA). The hydrolyzates were chilled for 20 min at -20'C and after centrifugation (3, Paired t tests were used to assess the significance of individual mean differences. Repeated measures analysis of variance was used to assess the significance of repeated mean differences during the constant infusion experiments. Least squares linear regression analysis was used to test the manually obtained lines of best fit.
Results
Plasma lipid levels were monitored during the course of the stable isotope infusion experiments. In the fasted state, plasma triglyceride concentration remained constant, whereas in the fed state more variability was observed (Fig. 2) . The protocol for the experiment in the fed state was designed to maintain the plasma concentration of triglyceride at as constant a level as physiologically possible; a steady-state condition was, however, difficult to achieve in all subjects. Plasma triglyceride concentration was nevertheless significantly greater in the fed compared with the fasted state (154±18 vs. 64±7 mg/100 ml, P < 0.001). Plasma cholesterol concentration did not change significantly during the infusion experiments and there was no significant difference between the cholesterol concentration in the fasted and fed states (155±7 vs. 147±7 mg/ 100 ml, respectively).
Mean VLDL triglyceride, cholesterol, and apo B, and HDL cholesterol concentrations are shown in Fig. 3 . In the fed state, the VLDL fraction contained chylomicrons as well as VLDL, but for the sake of comparison it is always referred to in the present study as the VLDL fraction. The plasma concentration of all three VLDL components was significantly elevated in the fed vs. fasted state (VLDL triglyceride: 108±17 vs. 35±6 mg/100 ml, P < 0.001; VLDL cholesterol: 13.8±2.1 vs.
5.9±1.3 mg/l00 ml, P < 0.01; VLDL apo B: 5.0±1.1 vs. 3. 1±1 mg/100 ml, P < 0.05). HDL cholesterol concentration was significantly decreased (38±4 vs. 42±4 mg/100 ml, P < 0.05). These differences in the plasma concentration of VLDL and HDL components are very similar to the postprandial changes, which we observed in healthy human subjects fed a single fat-rich meal (8) .
Plasma leucine enrichment (measured in atom percent excess) increased rapidly after the initial bolus injection of isotope and remained relatively constant for the 15-h duration of the studies (Fig. 4) . Mean plasma leucine enrichment was significantly less in the fed compared with the fasted state ,gmol/liter, P < 0.01).
The separation of VLDL apolipoproteins on 4-22.5% polyacrylamide gradient gels is shown in Fig. 5 were observed; however, only protein that migrated with typical apo B-100 mobility was used for measurement of isotopic enrichment.
As shown in Fig. 6 , deuterated leucine enrichment of VLDL apo B-100 increased linearly soon after the priming dose of stable isotope. A plateau in VLDL apo B-100 enrichment was observed in both the fasted and fed states 6-8 h after the start of the infusion. The enrichment of VLDL apo B-100 was significantly less in the fed state. VLDL apo B-100 enrichment curves (Fig. 6 ) plateaued at levels less than the plasma leucine enrichment curves (Fig. 4) , reflecting the difference in enrichment of leucine in the plasma and tissue (precursor amino acid) pools.
The enrichment of LDL apo B-I00 and HDL apo A-I during the fasteid and fed experiments is shown in Fig. 7 . Measurable enrichment of these two proteins occurred 2-3 h after the start of the infusion in most subjects. In some cases, however, measurable enrichment was not observed until 8-10 h after the start of the infusion; enrichment was not seen at earlier time points due to the limited sensitivity of the gas chromatograph/mass spectrograph instrument. The enrichment of these proteins with deuterated leucine tended to be linear over time, and tended to be less in the fed compared with the fasted state (Fig. 7) . To calculate plasma apolipoprotein pool sizes, apolipoprotein concentrations for each subject were calculated to be the average of 12 measurements obtained during the course of the infusion experiments. VLDL apo B was significantly greater (5±I.1 vs. 3.1±0.9 mg/I00 ml, P < 0.05), whereas IDL apo B was significantly less (0.6±0.1 vs. 1.1±0.3 mg/100 ml, P < 0.05) in the fed compared with the fasted state. Plasma apo B, LDL apo B, and plasma apo A-I concentrations were not significantly different in the fasted and fed states (66±8 vs. 63±8 mg/100 ml, 62±7 vs. 58±7 mg/100 ml, and 124±9 vs. 125±7 mg/100 ml, respectively).
Parameters of VLDL apo B-100, LDL apo B-100, and HDL apo A-I production are shown in Table I VLDL apo B-100 production was significantly greater (P < 0.01) and LDL apo B-100 production was significantly less (P < 0.05) in the fed vs. the fasted state. This reduction in LDL apo B-100 production was offset by a concommitant significant decrease (P < 0.01) in the fractional production rate of fractional catabolic rate of LDL apo B-100 in the fed vs. the fasting state. LDL apo B-100 production was significantly greater (P < 0.01) than VLDL apo B-100 production in the fasted state, and tended to be less (not statistically significant) in the fed state. Production rates obtained using the present technique were comparable to those obtained by previous methods (15, 16) (Table 1) . To see whether there was any relationship between absolute rates ofapo B-100 and apo A-I production and the plasma concentration ofparticular lipoprotein lipids, correlation analyses were carried out using data from all 14 infusion experiments (7 in the fasted state and 7 in the fed state). VLDL apo B-100 production rates were significantly (P < 0.01) correlated (r = 0.73) with VLDL triglyceride levels. LDL apo B-100 production rates were significantly (P < 0.01) correlated (r = 0.76) with LDL cholesterol levels. The correlation between HDL apo A-I production rates and HDL cholesterol levels (r = 0.42) was not, however, statistically significant (P = 0. 13).
Discussion
A number of methods for measuring protein synthesis in vivo have been described, involving the administration of isotopically labeled amino acids and the subsequent measurement of their incorporation into specific proteins (17) . The main difficulty with these methods has been the assessment of specific activity or enrichment of the precursor amino acid pool at the site of protein assembly, an important requirement for the accurate measurement of protein synthesis. The direct measurement of aminoacyl-tRNA is difficult and impftctical, and amino acids from the more readily accessible compartments, such as the plasma or total intracellular pools, cannot be used reliably because their specific radioactivities or enrichments may differ from each other and from that of aminoacyl-tRNA (18, 19 portunity to estimate the enrichment of the hepatic precursor amino acid pool. In an isotopic steady state the enrichment of a product should eventually reach the enrichment of its precursor. The validity of this approach to measure apolipoprotein production (using a constant infusion of deuterated leucine) is, however, dependent on certain assumptions. First, it must be assumed that all cells in the liver with the capacity to synthesize apolipoproteins are labeled equally, and that intracellular leucine pools are labeled rapidly and homogeneously. The rapid equilibration of plasma leucine and tissue leucyltRNA pools in the rat (20' 21) supports the use of labeled leucine as an appropriate tracer in this regard. Second, it must be assumed that pools of apo B-100 in the liver are homogeneously labeled and that essentially all newly synthesized apo B-100 is secreted. In vitro experiments in the rat suggest that a proportion of apo B synthesized in the liver is degraded intracellularly and is not secreted (22); however, it remains to be determined if this is a quantitatively important pathway in man. For the sake of the present method, it must be assumed that intracellular degradation is minimal. A further assumption is that hepatic apolipoproteins are derived from a common pool of amino acids and that the circulating apolipoproteins that are isolated from plasma are indeed ofhepatic origin. Evidence has been presented to show that the intestine has the capacity to synthesize apo B-100 (23); however, the majority of circulating apo B-O0 is probably of hepatic origin. Furthermore, it is well known that the intestine can synthesize and secrete apo A-I (24). For our whole-body apo A-I production rates to be valid it must be assumed that the enrichment of hepatic and intestinal tissues under the present experimental conditions were similar, or that the majority of plasma apo A-I in man is derived from the liver. This latter assumption is probably true in the fasted state, though in the fed state, intestinal production of apo A-I is more significant. Our HDL apo A-I production rates in the fed state must therefore be interpreted with caution.
A stable isotope method for measuring VLDL apo B synthesis (more correctly termed production) has recently been published by Cryer et al. (5 (14, 25) . Second, we used the plateau enrichment of VLDL apo B-100 to estimate the enrichment of the tissue amino acid precursor pool, instead of the plateau enrichment of urinary hippurate. This is an advantage, since it avoids the need to collect and analyze urinary hippurate samples. It also provides a more accurate measure of the enrichment of the amino acid precursor pool, since apo B-100 is a more direct product derived from intracellular amino acid pools than hippurate. Third, polyacrylamide gradient gel electrophoresis was used to isolate apolipoproteins, which was a fast and efficient way to prepare pure protein samples at multiple timepoints. Fourth, stable isotope was infused for a 15-h rather than an 8-h period (5) . Plateau enrichment in VLDL apo B-100 was therefore better defined, and enrichment of deuterated leucine in the slowly turning over LDL apo B-100 and HDL apo A-I pools was more easily detected.
The most unique feature of this study is that apolipoprotein production, for the first time, has been measured in human subjects in the fasted and fed state. Lipoprotein kinetic experiments in the past have always been carried out over at least a 1-2-d period. Subjects have therefore been studied during periods of both fasting and feeding. In previous VLDL apo B kinetic studies (26) (27) (28) (29) (30) , fat-and calorie-restricted diets have been given to minimize the secretion of chylomicrons and VLDL from the intestine. This rather artificial situation, however, represents neither a fasted nor fed state. Since we have studied subjects over a shorter period of time, during wellcontrolled periods of either fasting or feeding, we believe that the present method represents a more physiological approach to the study of apolipoprotein kinetics.
We have found that feeding caused an increase in VLDL apo B-100 production and a decrease in LDL apo B-100 production (Table I ). In the fed state, VLDL apo B-100 production tended to be greater than LDL apo B-100 production, whereas in the fasted state LDL apo B-100 production was significantly greater than VLDL apo B-100 production. These results need to be interpreted in relation to our current understanding of apo B-100 metabolism. Triglyceride-rich, apo B-100-containing lipoproteins are secreted from the liver (arrow 1, Fig. 8 ) and are depleted of triglyceride in the circulation by lipoprotein lipase. VLDL are converted to IDL, which are in turn delipidated (arrow 3, Fig. 8 ) to form LDL. The apo B-containing lipoproteins in plasma are thus part of a catabolic cascade, forming a spectrum of different-sized lipoprotein particles. Original studies showed that a precursor-product relationship existed between VLDL and LDL in normolipidemic individuals (26-28) (i.e., all VLDL was converted to LDL, and all LDL was derived from VLDL). In more recent studies (30) (31) (32) (33) , however, it has been shown that a significant proportion of VLDL apo B can be cleared from the plasma by receptor-mediated uptake (presumably in the liver) (arrow 2, Fig. 8 ) and is therefore not converted to LDL. Furthermore, it has been suggested that as much as one-third of LDL apo B is not derived from VLDL in normolipidemic individuals (described as direct input of LDL (31) (arrow 4, Fig. 8 ). In this study we measured LDL apo B-100 production as the rate of incorporation of deuterated leucine into apo B-100 in the 1.019-1.063 g/ml density fraction of plasma. This represents into the system, and arrows 2 and 5 represent the tissue uptake and catabolism of apo B-100. Arrow 3 represents the conversion of VLDL apo B-100 to LDL apo B-I00, due to lipoprotein lipolysis in the circulation. In the fed state, VLDL apo B-I00 production (1) and catabolism (2) is increased, and conversion (3) is probably diminished. In the fasted state LDL apo B-I00 production independent of VLDL apo B-100 (4) is increased, conversion (3) is probably also enhanced, and apo B-I00 catabolism (5) is increased. newly synthesized apo B-100, which was converted from VLDL apo B-100 to LDL apo B-100 (arrow 3), and also newly synthesized apo B-I00, produced independently of VLDL (arrow 4). A proportion of this apo B-100 is possibly secreted on IDL-sized lipoproteins, which are catabolized to LDL due to rapid, first pass'conversion (31). Since LDL apo B-100 production was significantly greater than VLDL apo B-100 production in the fasted state, our data suggest that a considerable proportion (at least 50%) of LDL apo B-100 was synthesized independently of VLDL in the fasted state. Even if one assumes that all VLDL apo B-100 was catabolized to LDL apo B-100 in the fasted state, then 6.4 mg/kg per d of LDL apo B-100 production was due to the conversion of VLDL apo B-100, and 6.7 mg/kg per d (13.1 -6.4 mg/kg per d) was due to direct LDL apo B-100 production. Direct input of LDL apo B-100 was not evidenced in the fed state, since VLDL apo B-100 production tended to'be greater than LDL apo B-100 production. This circumstantial evidence does not, however, exclude the possibility that in the fed state a small proportion of LDL apo B-100 may also have been synthesized independently of VLDL.
Although the present data and that of Kesaniemi et al. (32) have provided direct evidence for the independent production of LDL in normolipidemic humans, numerous studies in experimental animals or in isolated cells in culture have previously documented the liver's ability to secrete LDL-sized lipoproteins (34) (35) (36) (37) (38) (39) . Studies have shown that the extent of hepatic LDL and VLDL secretion is dependent on the lipid status of the liver. Perfused livers from fed pigs (40) and rats (41) have been shown to secrete more VLDL apo B and less LDL apo B than livers from fasted animals. Similar effects have been observed in isolated hepatocytes from fed and fasted rats (42) . In human Hep G2 cells supplemented with free fatty acids, inclusion of oleic acid in cell media caused [35S]methionine incorporation into-VLDL to increase and into LDL to decrease (43) . Redistribution of apo B secretion from LDL to VLDL, due to the addition of various fatty acids complexed to BSA, has also been observed in the colonic adenocarcinoma cell line Caco-2 (44) . It is significant that the present study for the first time provides in vivo evidence to support these in vitro observations. Our data suggest that in humans, in the fed state, apo B-100 is secreted on larger triglyceride-rich lipoproteins, and is thus found in the VLDL (d < 1.006 g/ml) fraction of plasma. In the fasted state, however, smaller particles are produced, which contain less triglyceride, and newly synthesized apo B-l00 is consequently found in LDL in the 1.019-1.063 g/ml fraction of plasma. Direct production of VLDL and LDL is thus reciprocally related, and is dependent on the lipid status of the liver, a concept supported by studies in hypertriglyceridemic subjects before and after weight loss, in which direct secretion of LDL apo B was inversely related to the rate of VLDL triglyceride secretion (45) .
In conclusion, our data suggest that in the fed state VLDL apo B-100 production is increased, direct clearance of VLDL apo B-100 by the liver is enhanced, and conversion to LDL apo B-100 (through IDL) is reduced. There is, therefore, a greater flux of apo B-100 through the arrowed pathways I and 2 in Fig. 8 . The plasma concentration of VLDL apo B-100 is subsequently increased. In the fasted state there is a greater flux of apo B-100 through pathways 3, 4, and 5. Total LDL apo B-100 production is increased due to increased direct LDL apo B-100 production and possibly to enhanced conversion of VLDL apo B-100. LDL apo B-I00 catabolism is in turn increased (probably due to a' change in receptor activity), resulting in no significant increase in LDL apo B-100 concentration.
Further studies are being carried out to extend this method to the measurement of other plasma apolipoproteins and to determine the viability of using other stable isotope amino acids.
